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Editorial 

Taking  a  Bite  out  of  Malaria:  Controlled  Human  Malaria  Infection  by  Needle  and  Syringe 

Judith  E.  Epstein* 

Naval  Medical  Research  Center,  U.S.  Military  Malaria  Vaccine  Program,  Silver  Spring,  Maryland 


In  this  issue  oiAJTMH,  Roestenberg  and  colleagues  report 
that  healthy  adults  can  be  infected  by  the  intradermal  injec¬ 
tion  of  aseptic,  purified,  vialed,  cryopreserved  Plasmodium 
falciparum  sporozoites  (PfSPZ  Challenge).1  Because  of  the 
potential  of  this  “challenge  in  a  bottle”  to  standardize  and 
dramatically  expand  the  use  of  controlled  human  malaria 
infections  (CHMI)  for  assessment  of  malaria  vaccines,  drugs, 
and  diagnostics,  and  naturally  acquired  immunity  and  innate 
resistance  to  malaria,  this  approach  to  CHMI  may  well  turn 
out  to  be  one  of  the  major  achievements  in  malaria  vaccine 
research  and  development  of  the  past  half-century. 

CHMI  by  the  bites  of  five  infected  mosquitoes  has  become 
widely  accepted  as  a  safe2Jt  and  informative  initial  step  in 
evaluating  the  efficacy  of  pre-erythrocytic  stage  vaccines.5-7 
It  has  also  played  a  significant  role  in  the  development  of  anti- 
malarial  drugs8-10  and  diagnostic  assays11  and  in  the  assessment 
of  host  immune  responses  to  infection.1213  At  last  count  in  the 
published  literature,  over  1,300  clinical  trial  subjects  had  been 
exposed  to  CHMI5’6  since  CHMI  using  mosquitoes  that  had  fed 
on  in  vitro  cultures  of  P.  falciparum  was  introduced  in  1986.14 
Investigators  from  multiple  international  centers,  together  with 
representatives  from  the  World  Health  Organization  (WHO), 
recently  generated  a  standardized  document  for  the  design  and 
conduct  of  CHMI  and  a  second  document  for  the  microscopy 
methods  used  to  determine  the  patency  endpoint.15 

Nevertheless,  CHMI  based  upon  the  bites  of  five  infected 
mosquitoes  has  had  limitations,  which  can  now  be  addressed 
by  being  able  to  use  “vialed”  sporozoites  administered  by 
needle  and  syringe  for  CHMI.  The  most  important  limitation 
has  been  that  CHMI  has  been  restricted  to  only  a  few  centers 
worldwide,  because  of  the  requirement  for  having  P.  falciparum- 
infected  mosquitoes.  Now  that  researchers  at  Sanaria  have 
developed  the  methods  for  manufacturing,  characterizing,  and 
shipping  aseptic,  purified,  cryopreserved  PfSPZ  that  meet  all 
regulatory  standards,  CHMI  will  be  available  to  investigators 
at  any  clinical  research  center  in  the  world,  including  malaria- 
endemic  countries. 

Another  limitation  has  been  the  variability  in  the  time 
from  mosquito  bite  inoculation  to  the  first  detection  of  spo¬ 
rozoites  in  the  blood  stream  (pre -patent  period)  between 
centers,  clinical  trials  conducted  at  the  same  center,  and  vol¬ 
unteers  inoculated  on  the  same  day  in  the  same  clinical  trial 
at  the  same  center.  This  has  probably  been  a  result  of  the  fact 
that  infectivity  of  sporozoites,  the  number  of  sporozoites  per 
mosquito,  and  the  numbers  of  sporozoites  inoculated  by  the 
bites  of  five  infected  mosquitoes  varies  from  center  to  center, 
between  trials  at  the  same  center,  and  even  between  individ¬ 
uals  in  the  same  trial  at  the  same  center.  Using  vialed  sporo¬ 
zoites  that  have  met  defined  lot  release  specifications  should 
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reduce  or  eliminate  these  variables,  as  a  defined  number  of 
sporozoites  with  the  same  quality  control  release  specifica¬ 
tions  can  be  used  for  all  comparative  studies.  In  trials  of 
interventions  this  will  allow  investigators  at  different  sites  to 
not  only  compare  infectivity  rates,  but  also  to  reliably  com¬ 
pare  pre-patent  periods  after  specific  interventions. 

It  is  uncommon  in  the  field  for  any  individual  to  be  exposed 
to  the  bites  of  five  P.  falciparum- infected  mosquitoes  at  the 
same  time,  or  even  on  the  same  night.  This  has  led  some  inves¬ 
tigators  to  argue  that  exposure  to  five  infected  mosquitoes  in 
CHMI  does  not  adequately  reflect  what  occurs  in  the  field. 
Using  injected  sporozoites,  it  should  be  possible  to  define  how 
many  sporozoites  will  infect  50%,  75%,  or  90%  volunteers  and 
potentially  use  those  numbers,  instead  of  the  100%  infectious 
dose.  Furthermore,  more  than  95%  of  all  CHMIs  since  1986 
have  been  done  with  the  NF54  strain  of  P.  falciparum  or  one 
of  the  clones  (3D7  and  CVD1)  derived  from  this  strain.  CHMI 
with  vialed  sporozoites  should  allow  for  additional  isolates  that 
differ  significantly  at  the  genomic  level  to  be  used. 

On  a  different  note,  PfSPZ  Challenge  could,  itself,  become 
a  component  of  a  vaccine.  The  same  authors  from  Radboud 
University  Nijmegen  Medical  Center  (RUNMC)  recently 
showed  that  high-level  sustained  protective  immunity  to 
P.  falciparum  infection  (up  to  28  months)  could  be  induced 
through  immunization  by  the  bites  of  infected  mosquitoes 
under  cover  of  chloroquine  chemoprophylaxis.416  Clinical 
trial  testing  of  this  model,  with  exposure  to  infected  mosquito 
bites  replaced  by  PfSPZ  Challenge,  is  in  progress. 

Finally,  the  research  being  conducted  on  PfSPZ  Challenge 
is  central  to  the  development  of  a  whole  organism  malaria 
vaccine,  regardless  of  whether  the  parasite  is  attenuated  by 
radiation,  genetic  modification,  or  concurrent  chemoprophy¬ 
laxis.  The  whole  organism  approach  is  believed  by  many  to  be 
the  only  strategy  that  can  generate  high-level,  sustained  sterile 
protection  against  infection  and  that  can  be  used  for  eradication. 
It  has  now  been  over  40  years  since  the  first  clinical  trials  dem¬ 
onstrated  complete  protection  generated  by  exposure  to  mos¬ 
quitoes  carrying  irradiated  sporozoites.17-19  It  was  recently 
shown  that  humans  could  be  immunized  safely  with  the  PfSPZ 
Vaccine  (aseptic,  radiation-attenuated,  purified,  vialed,  cryo¬ 
preserved  P.  falciparum  sporozoites)  with  some  level  of  (albeit 
suboptimal)  immunogenicity  and  efficacy.20  The  current  publi¬ 
cation  by  Roestenberg  and  others  provides  data  that  conclu¬ 
sively  demonstrates  that  the  technology  upon  which  this 
approach  is  built  works.  Aseptic,  purified,  vialed,  cryopre¬ 
served  sporozoites  can  reach  and  infect  liver  cells.  Furthermore, 
in  the  case  of  PfSPZ  Challenge,  they  can  develop  in  hepatocytes 
and  erythrocytes  to  normally  functioning  merozoites. 

Nevertheless,  this  study  by  Roestenberg  and  colleagues  is 
just  a  first  step.  The  next  hurdle  will  be  to  optimize  the  admin¬ 
istration  of  PfSPZ  Challenge  and  demonstrate  that  healthy 
adult  subjects  can  be  consistently  and  reliably  infected  by  the 
parenteral  route,  taking  the  result  of  5/6  subjects  infected 
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per  group  to  100%  infectivity  with  a  pre-patent  period  similar 
to  that  achieved  with  exposure  to  five  infected  mosquitoes. 
Animal  models  indicate  that  the  optimal  route  for  both 
PfSPZ  Challenge  and  the  PfSPZ  Vaccine  is  intravenous 
administration.20  A  dose-escalation  trial  of  PfSPZ  Challenge 
administered  IV  is  now  in  progress  and  results  are  eagerly 
awaited;  an  IV  trial  of  the  PfSPZ  Vaccine  is  also  in  progress. 
If  IV  PfSPZ  Challenge  is  shown  to  safely  and  reproducibly 
infect  subjects,  it  will  be  another  giant  step  forward.  Mean¬ 
while,  investigators  are  continuing  to  try  to  optimize  non-IV 
routes  and  methods  of  administration,  including  microneedle 
array.  Murine  studies  indicate  that  multiple  injections  with 
smaller  volumes  may  be  optimal.21  Once  optimal  IV  and  non- 
IV  regimens  are  established,  it  will  be  important  to  compare 
IV  and  non-IV  administration  of  PfSPZ  Challenge  with  mos¬ 
quito  bite  administration  in  CHMI  studies,  particularly  for 
vaccines  designed  to  induce  antibodies  against  sporozoites. 

We  are  clearly  entering  a  new  and  exciting  era  in  which 
CHMI  using  injected  sporozoites  will  be  able  to  be  used  at 
clinical  centers  worldwide  to  rapidly  and  efficiently  assess 
new  malaria  vaccines,  drugs,  and  diagnostics,  and  naturally 
accquired  immunity  and  innate  resistance  to  malaria. 

Received  November  28,  2012.  Accepted  for  publication  November 
28,  2012. 

Disclaimer:  The  views  expressed  above  are  those  of  the  author  and  do 
not  necessarily  reflect  the  official  policy  or  position  of  the  Depart¬ 
ment  of  Navy,  Department  of  Defense  nor  the  U.S.  Government. 
Judith  Epstein  is  in  the  military  service  and  prepared  this  as  part  of 
her  official  duties.  Title  17  U.S.C.  §105  provides  that  ‘Copyright  pro¬ 
tection  under  this  title  is  not  available  for  any  work  of  the  United 
States  Government.'  Title  17  U.S.C.  §101  defines  a  U.S.  Government 
work  as  a  work  prepared  by  a  military  service  member  or  employee  of 
the  U.S.  Government  as  part  of  that  person's  official  duties. 

Author’s  address:  Judith  E.  Epstein,  Naval  Medical  Research  Center, 
503  Robert  Grant  Avenue,  Silver  Spring,  MD  20910,  E-mail: 
Judith.Epstein@med.navy.mil. 


REFERENCES 

1.  Roestenberg  M,  Bijker  EM,  Sim  BK,  Billingsley  PF,  James  ER, 

Bastiaens  GJ,  Teirlinck  AC,  Scholzen  A,  Teelen  K,  Arens  T,  van 
der  Ven  AJ,  Gunasekera  A,  Chakravarty  S,  Velmurugan  S, 
Hermsen  CC,  Sauerwein  RW,  Hoffman  SL,  2013.  Controlled 
human  malaria  infections  by  intradermal  injection  of  cryopreserved 
Plasmodium  falciparum  sporozoites.  Am  J  Trop  Med  Hyg  88: 5-13. 

2.  Church  LW,  Le  TP,  Bryan  JP,  Gordon  DM,  Edelman  R,  Fries  L, 

Davis  JR,  Herrington  DA,  Clyde  DF,  Shmuklarsky  MJ, 
Schneider  I,  McGovern  TW,  Chulay  JD,  Ballou  WR,  Hoffman 
SL,  1997.  Clinical  manifestations  of  Plasmodium  falciparum 
malaria  experimentally  induced  by  mosquito  challenge.  J  Infect 
Dis  175:  915-920. 

3.  Epstein  JE,  Rao  S,  Williams  F,  Freilich  D,  Luke  T,  Sedegah  M, 

de  la  Vega  P,  Sacci  J,  Richie  TL,  Hoffman  SL,  2007.  Safety  and 
clinical  outcome  of  experimental  challenge  of  human  volun¬ 
teers  with  Plasmodium  falciparum- infected  mosquitoes:  an 
update. ./  Infect  Dis  196: 145-154. 

4.  Roestenberg  M,  Teirlinck  AC,  McCall  MB,  Teelen  K, 

Makamdop  KN,  Wiersma  J,  Arens  T,  Beckers  P,  van  Gemert 
G,  van  de  Vegte-Bolmer  M,  van  der  Ven  AJ,  Luty  AJ,  Hermsen 
CC,  Sauerwein  RW,  2011.  Long-term  protection  against 
malaria  after  experimental  sporozoite  inoculation:  an  open- 
label  follow-up  study.  Lancet  377: 1770-1776. 

5.  Moorthy  VS,  Diggs  C,  Ferro  S,  Good  MF,  Herrera  S,  Hill  AV, 

Imoukhuede  EB,  Kumar  S,  Loucq  C,  Marsh  K,  Ockenhouse 
CF,  Richie  TL,  Sauerwein  RW.  2009.  Report  of  a  consultation 
on  the  optimization  of  clinical  challenge  trials  for  evaluation 


of  candidate  blood  stage  malaria  vaccines,  18-19  March  2009, 
Bethesda,  MD,  USA.  Vaccine  27:  5719-5725. 

6.  Sauerwein  RW,  Roestenberg  M,  Moorthy  VS,  2011.  Experimen¬ 

tal  human  challenge  infections  can  accelerate  clinical  malaria 
vaccine  development.  Nat  Rev  Immunol  11:  57-64. 

7.  Roestenberg  M,  de  Vlas  SJ,  Nieman  AE,  Sauerwein  RW, 

Hermsen  CC,  2012.  Efficacy  of  preerythrocytic  and  blood- 
stage  malaria  vaccines  can  be  assessed  in  small  sporozoite  chal¬ 
lenge  trials  in  human  volunteers.  J  Infect  Dis  206:  319-323. 

8.  Alving  AS,  Arnold  J,  Hockwald  RS,  dayman  CB,  Dern  RJ, 

Beutler  E.  Flanagan  CL,  1955.  Potentiation  of  the  curative 
action  of  primaquine  in  vivax  malaria  by  quinine  and  chloro- 
quine.  J  Lab  Clin  Med  46:  301-306. 

9.  Shapiro  TA,  Ranasinha  CD,  Kumar  N,  Barditch-Crovo  P,  1999. 

Prophylactic  activity  of  atovaquone  against  Plasmodium 
falciparum  in  humans.  Am  1  Trop  Med  Hyg  60:  831-836. 

10.  Berman  JD,  Nielsen  R,  Chulay  JD,  Dowler  M,  Kain  KC,  Kester 

KE,  Williams  J,  Whelen  AC,  Shmuklarsky  MJ,  2001.  Causal 
prophylactic  efficacy  of  atovaquone -proguanil  (Malarone)  in  a 
human  challenge  model.  Trans  R  Soc  Trop  Med  Hvg  95: 429-432. 

11.  Beadle  C,  Long  GW,  Weiss  WR,  McElroy  PD,  Maret  SM,  Oloo 

AJ,  Hoffman  SL,  1994.  Diagnosis  of  malaria  by  detection  of 
Plasmodium  falciparum  HRP-2  antigen  with  a  rapid  dipstick 
antigen-capture  assay.  Lancet  343:  564-568. 

12.  McCall  MB,  Netea  MG,  Hermsen  CC,  Jansen  T,  Jacobs  L, 

Golenbock  D,  van  der  Ven  AJ,  Sauerwein  RW,  2007.  Plasmo¬ 
dium  falciparum  infection  causes  proinflammatory  priming  of 
human  TLR  responses.  1  Immunol  179: 162-171. 

13.  Teirlinck  AC,  McCall  MB,  Roestenberg  M,  Scholzen  A, 

Woestenenk  R,  de  Mast  Q,  van  der  Ven  AJ,  Hermsen  CC, 
Luty  AJ,  Sauerwein  RW,  2011.  Longevity  and  composition  of 
cellular  immune  responses  following  experimental  Plasmodium 
falciparum  malaria  infection  in  humans.  PLoS  Pathog  7:  el002389. 

14.  Chulay  JD,  Schneider  I.  Cosgriff  TM,  Hoffman  SL,  Ballou  WR, 

Quakyi  IA,  Carter  R,  Trosper  JH,  Hockmeyer  WT,  1986.  Malaria 
transmitted  to  humans  by  mosquitoes  infected  from  cultured 
Plasmodium  falciparum.  Am  J  Trop  Med  Hyg  35: 66-68. 

15.  Laurens  MB,  Duncan  CJ,  Epstein  JE,  Hill  AV,  Komisar  JL,  Lyke 

KE,  Ockenhouse  CF,  Richie  TL,  Roestenberg  M,  Sauerwein 
RW,  Spring  MD,  Talley  AK,  Moorthy  VS,  2012.  A  consulta¬ 
tion  on  the  optimization  of  controlled  human  malaria  infection 
by  mosquito  bite  for  evaluation  of  candidate  malaria  vaccines. 
Vaccine  30:  5302-5304. 

16.  Roestenberg  M,  McCall  M,  Hopman  J,  Wiersma  J,  Luty  AJ,  van 

Gemert  GJ,  van  de  Vegte-Bolmer  M,  van  Schaijk  B,  Teelen  K, 
Arens  T,  Spaarman  L,  de  Mast  Q,  Roeffen  W,  Snounou  G, 
Renia  L,  van  der  Ven  A,  Hermsen  CC,  Sauerwein  R,  2009. 
Protection  against  a  malaria  challenge  by  sporozoite  inocula¬ 
tion.  N  Engl  1  Med  361:  468-477. 

17.  Clyde  DF,  Most  H,  McCarthy  VC,  Vanderberg  JP,  1973.  Immu¬ 

nization  of  man  against  sporozoite-induced  falciparum 
malaria.  Am  1  Med  Sci  266: 169-177. 

18.  Rieckmann  KH,  Carson  PE,  Beaudoin  RL,  Cassells  JS,  Sell  KW, 

1974.  Sporozoite  induced  immunity  in  man  against  an  Ethio¬ 
pian  strain  of  Plasmodium  falciparum.  Trans  R  Soc  Trop  Med 
Hyg  68:  258-259. 

19.  Hoffman  SL,  Goh  LM,  Luke  TC,  Schneider  I,  Le  TP,  Doolan  DL, 

Sacci  J,  de  la  Vega  P,  Dowler  M.  Paul  C,  Gordon  DM,  Stoute 
JA,  Church  LW,  Sedegah  M,  Heppner  DG,  Ballou  WR,  Richie 
TL,  2002.  Protection  of  humans  against  malaria  by  immuniza¬ 
tion  with  radiation-attenuated  Plasmodium  falciparum  sporo¬ 
zoites.  J  Infect  Dis  185: 1155-1164. 

20.  Epstein  JE.  Tewari  K,  Lyke  KE,  Sim  BK,  Billingsley  PF,  Laurens 

MB,  Gunasekera  A,  Chakravarty  S,  James  ER,  Sedegah  M, 
Richman  A,  Velmurugan  S,  Reyes  S,  Li  M,  Tucker  K,  Ahumada 
A,  Ruben  AJ,  Li  T,  Stafford  R,  Eappen  AG,  Tamminga  C, 
Bennett  JW,  Ockenhouse  CF,  Murphy  JR,  Komisar  J,  Thomas 
N,  Loyevsky  M,  Birkett  A,  Plowe  CV,  Loucq  C,  Edelman  R, 
Richie  TL,  Seder  RA,  Hoffman  SL,  2011.  Live  attenuated 
malaria  vaccine  designed  to  protect  through  hepatic  CD8+  T 
cell  immunity.  Science  334: 475-480. 

21 .  Ploemen  IH,  Chakravarty  S,  van  Gemert  GJ,  Annoura  T,  Khan  SM, 

Janse  CJ,  Hermsen  CC,  Hoffman  SL,  Sauerwein  RW,  2012.  Plas¬ 
modium  liver  load  following  parenteral  sporozoite  administra¬ 
tion  in  rodents.  Vaccine.  doi:10.1016/j.vaccine.2012 .09.080. 


